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Abstract In adult moths, the cephalic aorta terminates in
an apical sack from which extends a pair of optic and
antennal vessels that lie on either side of the esophagus, at
the dorsoanterior surface of the brain. The base of each
antennal vessel is dilated to form an ampulla that contains
an oval mass of tissue, the antennal ampullary gland
(AAG). An ultrastructural study revealed that the AAG of
the corn earworm moth, Helicoverpa zea (Lepidoptera,
Noctuidae), is composed of a single type of 40–50
parenchymal cells that produce secretory granules. The
secretory material is released into the lymph channel of
the ampullary vessel, suggesting that the AAG is an
endocrine gland. Unlike the prothoracic gland and the
corpus allatum, the AAG does not receive direct neural
innervation; however, portions of the aortal muscle,
associated with the ampullary wall, contain neurosecre-
tory terminals and some of their products may also affect
the AAG. No morphological differences were found
between the AAG of males and females, with the
exception that the glands in males were slightly larger.
The function of the AAG remains unknown at this time.
Because the AAG is located within the ampulla of the
antennal vessel, one could assume that the product(s) of
this gland may influence the response of the antennal
sensory neurons to external stimuli.
Keywords Endocrine gland · Accessory circulatory
organ · Antennal ampulla · Moth, Helicoverpa zea
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Introduction
The flow of hemolymph in insects is achieved for the
most part by a single dorsal vessel, and accessory
circulatory organs that assist in circulating hemolymph
in peripheral organs. Because of the importance of the
head appendages in feeding and receiving sensory stimuli,
the cephalic circulatory systems of insects, especially
those of cockroaches, several hymenopterans and a few
moth species, have been extensively studied (Jones 1977;
Matus and Pass 1999; Pass 1985, 1988, 2000). The
cephalic aorta in most orders of insects contains antennal
circulatory organs that facilitate the exchange of hemo-
lymph to the vital sensory organs of these appendages.
Many of these circulatory systems contain ampullae, also
termed “antennal hearts,” which are saccular organs that
regulate circulation of hemolymph into the antennae.
Lepidoptera have paired antennal ampullae located at the
anterior boundary of the dorsal aorta and at the base of the
antennal vessel that extends into each antenna (Hessel
1969). The antennal ampullae of Lepidoptera differ
structurally from those of most other species of insects
in that the former originate from the frontal sac of the
aorta while that of the latter species originates from the
hypodermis of the cuticle (Pass 1985). In Lepidoptera,
each antennal vessel is dilated at its base. This dilation,
referred to as an ampulla, contains a spherical mass of
tissue first described in Bombyx mori by Selvatico in
1887. Schneider and Kaissling (1959), in their compre-
hensive study of the nervous system and blood vessels in
the head and antennae of B. mori, refer to the ampulla as
filled with a fine fibrous connective tissue-like mass of
unknown function. However, they did not rule out a
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possible endocrine function for this structure. Hessel
(1969), in his study of the dorsal vessel and associated
structures in Lepidoptera, reported that the tissue mass
was particularly well developed in Noctuidae. He,
however, speculated that the spindle-shaped cells in the
mass were reminiscent of connective tissue and therefore
not endocrine in nature.
In order to determine the morphology and possible
function of the tissue found within the ampulla of the
antennal vessel of Lepidoptera, we undertook an ultra-
structural study of this organ in the corn earworm,
Helicoverpa zea.
Materials and methods
Experimental animals and tissue
Helicoverpa zea were reared on artificial diet in the laboratory and
maintained under a photoperiodic regime of 15 h light and 9 h
darkness and corresponding temperatures of 26C and 22C
respectively. Heads of both male and female H. zea were dissected
in 0.1 M phosphate-buffered saline (PBS) containing 0.15 M
sodium chloride at pH 7.2. The cephalic portion of the aorta was
carefully removed and fixed for electron microscopy.
Electron microscopy
Tissue intended for electron-microscopic examination was pro-
cessed by two different procedures. In the first procedure, the
cephalic aorta with the gland was dissected in PBS and fixed for
48 h in a solution of 3.4% glutaraldehyde and 2.3% paraformal-
dehyde in 0.1 M PBS. The tissues were then rinsed in three changes
of cacodylate buffer, postfixed in 2% osmium tetroxide in 0.1 M
sodium cacodylate, rinsed in three changes of distilled water and
dehydrated in a graded series of ethanol followed by 100% acetone.
The tissues were embedded in Spurr’s resin (Spurr 1969) and
sectioned on an ultramicrotome either at 1 m and stained with
azure B-methylene blue (Hayat 1970) or thin sectioned (70 nm) and
stained with 2% aqueous uranyl acetate and Reynolds lead citrate
(Reynolds 1963). The thick resin sections were viewed and
photographed on an Olympus A-H2 Vanox microscope, while the
thin sections were viewed with a Phillips 300 transmission
microscope at 60 kV.
In the second procedure, the cephalic aorta were fixed in 3%
glutaraldehyde in 0.05 M phosphate buffer, pH 6.8. Following
fixation, the samples were washed six times in the phosphate
buffer, transferred to phosphate-buffered 2% osmium tetroxide,
dehydrated through a series of ethanol solutions and gradually
infiltrated and embedded in Spurr’s resin. Thin sections (80–90 nm)
were cut on a Reichert/AO Ultracut microtome, stained for 30 min
in uranyl acetate followed by 5 min in lead citrate and viewed in a
Hitachi H-500 transmission electron microscope.
Results
Histology
The terminology used for histological descriptions is that
of Eaton (1988) and the ultrastructural terminology is that
of Smith (1968). The cephalic portion of the aorta, lying
along the dorsal surface of the esophagus, extends through
the circumesophageal commissure and terminates in a
widened structure called the frontal sac (FS). At the
anterior surface of the brain, two pairs of vessels arise
from the frontal sac: the optic vessels (OV) and the
antennal vessels (AV) (Fig. 1A). The optic vessels extend
dorsolaterally over the brain, terminating as inflated sacs
Fig. 1 A Schematic dorsal view of the morphology of the
circulatory organs in the head of Helicoverpa zea (Am ampulla,
AN antennal nerve, Ao aorta, AV antennal vessel, Br brain, AAG
antennal ampullary gland, FS frontal sac, OV optic vessel, S
septum). Double-headed arrow indicates the angle of section
through the antennal ampulla of B. B Transverse section through
the optic and antennal vessels. The antennal ampullary gland lies in
the ampulla of the antennal vessel, attached (arrow) to the wall of
the ampulla (AW). A broad, incomplete septum (S) separates the
ampullary lumen (AL) from the lumen of the optic vessel (OL)
(WOV wall of optic vessel). Scale bar 100 m
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on the dorsal surface of this organ. The proximal portion
of each antennal vessel is enlarged, forming an ampulla
approximately 100 m in diameter from which arises the
narrow tubular portion of the antennal vessel. A white,
ovoid mass of tissue consisting of closely packed cells,
ensheathed by a thick fibrous basement membrane (BM),
lies within the lumen of each ampulla (Figs. 1A, B, 2A).
We have called this tissue the antennal ampullary gland
(AAG). These structures, approximately 7090 m in
size, are slightly larger in the male H. zea. No difference
was detected between the sexes in the morphology of the
AAG. Thick (1.0 m) resin sections reveal the AAG to be
a mass of 40–50 cells with prominent nuclei and located
at the base of the antennal vessel, adjacent to the septum
(S) that separates the antennal ampulla from the lumen of
the optic vessel (Figs. 1A, B, 2A). The AAG are loosely
attached to the wall of the ampulla.
Fig. 2A, B Transmission elec-
tron micrographs of the anten-
nal ampullary gland of H. zea.
A, B A section through the
antennal vessel reveals that the
surface of the AAG is covered
only by a basement membrane
(BM) and that the septum (S)
separating the antennal and op-
tic vessels is formed by a series
of infoldings of the ampullary
wall (AW), and contains large
vacuoles (V) filled with floccu-
lent material of different elec-
tron density (H hemocoel, N
nucleus of epithelial cell of
septum). B AAG showing the
compact structure of this tissue.
The nuclei (N) of the paren-
chymal cells (P) of the AAG are
round to oval and contain
abundant chromatin clusters.
Mitochondria (M) are scattered
throughout the cytoplasm. The
parenchymal cells, with their
fibrous, moderately dense
basement membrane (BM) that
lines the intercellular channels,
are the only cellular compo-





The cluster of cells in AAG have well-defined cell
membranes and round to ovoid nuclei that contain
numerous clusters of chromatin scattered throughout the
karyoplasm (Figs. 2B, 4A). Occasionally, a nucleus with a
more irregular shape is also found (Fig. 3A). The gland
appears to consist of only one type of cell, which is
relatively small, approximately 2.4–2.8 m in diameter.
Long, sinuous processes of adjacent AAG cells interdig-
itate, giving this gland a compact appearance (Fig. 4A).
Electron-dense, membrane-bound granules, 120–200 nm
in diameter, are present in the cytoplasm of these cells,
along with numerous mitochondria, short segments of
rough endoplasmic reticulum, free ribosomes, Golgi
complexes and glycogen granules (Fig. 3A, B). The
electron-dense granules accumulate near the periphery of
the AAG cells (Fig. 3A). Intercellular channels (IC,
Figs. 3A, wavy arrows, B, 4A), originating from the
surface, extend throughout the gland, possibly resulting in
access to nutrients carried in the hemolymph, as well as
removal of waste products and secretory material released
Fig. 3A, B Antennal ampullary
gland of H. zea. A Two paren-
chymal cells of the AAG-con-
taining clusters of membrane-
bound, moderately electron-
opaque secretory granules (SG)
lying among short segments of
rough endoplasmic reticulum.
This cell has numerous mito-
chondria. A thick basement
membrane, connected to the
plasma membrane of the pa-
renchymal cell by hemidesmo-
somes (wavy arrows),
ensheathes the gland and covers
the surface of the intercellular
channels (IC). B In addition to
the secretory granules, some of
the parenchymal cells also con-
tain glycogen granules (Gl).
Segments of the intercellular
channels (IC) are lined with the
basement membrane (wavy ar-
rows). These channels lie be-
tween adjacent cells, with
desmosomes (arrows) linking
the cell membranes. The inter-
cellular channels can extend to
the surface of the outer nuclear
membrane (asterisk). Scale bars
1 m
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from these cells. These channels are lined with a
basement membrane (Figs. 3B, 4A). The cell membranes
of adjacent gland cells are connected at intervals by
desmosomes (arrows, Figs. 3B, 4A). In addition to the
secretory granules, glycogen granules are also found in
the AAG cells (Fig. 3B). The cytoplasm of the paren-
chymal cells at the periphery of the gland has relatively
smooth margins and is tightly bound to the thick
basement membrane ensheathing the gland, by hemides-
mosomes (wavy arrows, Fig. 3A). No tracheae or nerves
were found associated with the AAG.
Ampullary wall
The ampullary wall (AW) serves as a sheath surrounding
the AAG and thus influences the type of material entering
or exiting the ampullary lumen (AL) ( Figs. 2A, 4B). The
AAG does not float freely in the lumen; instead, one side
of the gland is attached to the ampullary wall by filaments
of the apposing basement membrane of the AAG and the
AW, forming strands that interconnect the two structures
with the remaining surface of the AAG projecting into the
antennal lumen (Fig. 1A, B). The AW is formed as an
extension of the frontal sac (FS) and is contiguous with
Fig. 4A, B Antennal ampullary
gland of H. zea. A Electron
micrograph showing the long
cellular process of the AAG
cells (arrows) and the sinuous
channels between adjacent cells
(wavy arrow). Arrows point to
processes of cell 1 extending
around the cell body of cell 2.
An electron-dense sphere ap-
pears to be in the process of
being released from the surface
of cell 1 (short arrow) into an
intercellular channel. At inter-
vals, the apposing plasma
membranes of the parenchymal
cells are linked by desmosomes
(arrowheads) that occlude the
intercellular channels. Base-
ment membrane filling inter-
cellular channel. B The
ampullary wall of the antennal
vessel consists of unicellular
layers of epithelial cells sepa-
rated by intercellular channels
filled with a flocculent material
(asterisks). These channels ex-
tend from the outer surface of
the ampullary wall (arrows),
contain electron-dense bodies
(wavy arrows) and, like the IC
of the AAG, are compartmen-
talized by desmosomes (broad
arrows) (N nucleus of epithelial
cell of ampullary wall). Scale
bars 1 m
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the wall of the optic vessel (WOV) (Fig. 1A, B). The
antennal and optic vessels are separated at the point of
divergence from the frontal sac by a septum (S) (Figs. 1A,
B, 2A). Folds of the ampullary wall project into the lumen
of the ampulla from the septum. Extensive invaginations
of the hemocoel and lumen of the ampulla occur as
vacuoles within the folds of the septum. These invagina-
tions become enclosed by cytoplasm of the septal
epithelial cells and by the thick basement membrane
overlying these cells (Fig. 2A). The contents of the
vacuoles are a flocculent material that differs in electron
density (Fig. 2A) depending upon the source of the
vacuole (hemocoel or luminal) and possibly by conden-
sation of the fluid within the vacuole due to uptake of the
fluid component of the vacuoles by the septal epithelial
cells. Less prominent versions of these vacuoles form
channels containing flocculent material, throughout the
length of the ampullary wall (Fig. 4B). Hemidesmosomes
connect the ampullary wall to the thick basement
membrane, covering both the inner and outer surfaces
of the ampulla (Figs. 4B, 5A). Intermittent segments of
aortal muscle are closely apposed to the outer surface of
the ampullary wall (Fig. 5A, B). Neurosecretory fibers
(NF), which form an extensive arborization over the
aortal muscle, create neurosecretory motor junctions on
these muscle fibers, especially near the nucleus of a
myofibril (Fig. 5B). The neurosecretory fibers are derived
from a single nerve, whose origin could not be ascer-
tained. No tracheae are found within the wall of the
antennal vessel, although they are found adjacent to the
Fig. 5A, B Antennal ampullary
gland of H. zea. A Filaments of
aortal muscle (AMu) extend
over the surface of the outer
ampullary wall. Arrows indicate
hemidesmosomes connecting
the plasma membranes of the
epithelial cells to the inner
basement membrane. B Neuro-
secretory fibers (NF) terminate
on the surface of the aortal
muscle (MF muscle fiber, N
nucleus of aortal muscle fiber,
Nu nucleus of epithelial cell of
ampullary wall). Scale bars
1 m
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antennal vessel and tracheoles terminate in the adjacent
aortal muscle.
Discussion
Both structurally and functionally, the antennal ampulla
of Lepidoptera differs from that of other insects in which
this organ has been studied (Pass 1998; Wassenthal 1998).
Like other insects, the antennal heart of Lepidoptera
consists of an ampulla and a tubular vessel (Pass 1998),
but the antennal ampulla of Lepidoptera differs from that
of other insects in that it contains a mass of tissue which
appears to have a secretory function, and thus we termed
this tissue the antennal ampullary gland (AAG). In
addition, the antennal ampulla of Lepidoptera also differs
from that of most insects, in that it originates directly
from the frontal sac of the dorsal aorta (Wassenthal 1998)
rather than from the hypodermal wall of the integument
(Pass 1985). The antennal ampulla of Lepidoptera con-
tains a septum which, according to Pass (2000), appears to
be present only in true pulsatile organs where it may
regulate blood flow. Therefore, since a septum is present,
fulfilling the function of directing blood flow, the
possibility that the cluster of cells in the antennal ampulla
of Lepidoptera also acts as a mechanism for flow
regulation as suggested by Schneider and Kaissling
(1959) would be redundant. An ultrastructural examina-
tion revealed that the AAG consists of a single type of cell
that is much smaller than those in other endocrine glands
of Lepidoptera. For example, each cell of the prothoracic
gland of Diatraea grandiosella is 35–60 m (Yin and
Chippendale 1975) and each cell of the corpus allatum of
Hyalophora cecropia is 55 m (Waku and Gilbert 1964)
or roughly half the size of the entire AAG in Lepidoptera.
The ultrastructure of the parenchymal cells of the AAG
revealed the presence of abundant rough endoplasmic
reticulum and Golgi complexes from which electron-
dense, membrane-bound spherical vesicles originate. The
secretory granules are within the size range (100–500 nm)
reported for endocrine secretory granules (Lehane 1998).
The electron-dense granules produced by the AAG cells
accumulate at both the periphery of the gland and where
intercellular channels extend into the cortex. The granules
appear to diffuse through the cell membrane in a
merocrine type of release. The overall appearance of the
AAG is similar to that described by Johnson et al. (1985)
for the corpora allata of the cockroach, Diploptera
punctata. As in the latter, the AAG contain parenchymal
cells that are irregularly shaped with long, cytoplasmic
processes that interdigitate with those of neighboring
cells, and where their plasma membranes are in close
proximity they are joined by desmosomes. In both the
AAG and the corpus allatum of Lepidoptera, these
cellular projections are interconnected by desmosomes
(Meola and Meola 1983) which provide tissue stability
and serve as selective permeability barriers (Alberts et al.
1983). In addition, hemidesmosomes occur on the surface
of both CA and AAG cells where their free surface is in
contact with the supporting tissue whether connective
tissue or basement membrane. The parenchymal cells of
the AAG differ from the CA cells in that they do not
contain abundant smooth endoplasmic reticulum as is
found in the parenchymal cells of the corpus allatum of
Lepidoptera (Waku and Gilbert 1964); instead they have
an abundance of short segments of rough endoplasmic
reticulum as reported in the parenchymal cells of
prothoracic glands of moths (Yin and Chippendale
1975), indicating that these cells may be producing a
protein/peptide product rather than a lipid-based product.
In addition, the AAG cells also contain glycogen granules
as do the endocrine cells of the prothoracic glands of
insects. However, unlike the cells of the prothoracic
gland, those of the AAG do not have extensive invagi-
nations of their plasma membranes. Alternately, the AAG
has a system of intercellular channels that provide the
cells of the gland with access to the hemolymph.
Like the AAG, the ampullary wall also contains an
extensive system of extracellular channels. These chan-
nels are filled with a flocculent material and extend the
width of the cells, and thus may act as a conduit for
material in the hemocoel and ampullary lumen. The
system of channels containing flocculent material in the
ampullary lumen is similar in appearance to those in the
cytoplasm of fibroblasts in the connective tissue of the
ejaculatory duct of the adult locust, Locusta migratoria
(Ashhurst 1985). Although the ampullary wall is both
tracheated and receives direct neural innervation, as do
the corpus allatum and prothoracic glands of insects
(Waku and Gilbert 1964; Yin and Chippendale 1975;
Meola and Meola 1983), the AAG itself receives neither,
indicating that exchange of respiration and hormonal
regulation are hemolymph borne via the extensive system
of intracellular channels within this gland. Because
dissected material was used for the ultrastructural analysis
in this study, it was not possible to determine the origin of
the nerve that innervates the ampullar region. However,
Eaton (1988) reported that in Lepidoptera the corpora
cardiaca give rise to a pair of dorsal corpora cardiaca
nerves (NCCD). A fiber from each NCCD joins a large
arterial nerve (ArN) that originates from the dorsal
surface of the antennal lobe. The ArN appears to
innervate both the optic and antennal vessels. Pass et al.
(1988), who used cobalt backfill, reported that in the
cockroach P. americana an antennal heart nerve extend-
ing from the retrocerebral complex originated from soma
located in the anteriormost region of the subesophageal
ganglion.
The function of the AAG cells may be analogous to the
antennal neurosecretory cells of the mosquitoes (Meola et
al. 2000; Meola and Sittertz-Bhatkar 2002) in modulating
the sensory input of environmental stimuli. Meola et al.
speculated that in mosquitoes these cells in turn were
affected by feedback mechanism of products including
hormones of other cells. Further studies are needed to
determine the chemistry of the product or products of the
AAG and the physiological role of this organ in
Lepidoptera.
133
Acknowledgements We thank Helga Sittertz-Bhatkar for the
schematic drawing of the antennal ampullary gland and its
relationship to surrounding organs, Michael Pendleton for assis-
tance with the electron micrographs and Juan Lopez for supplying
some of the experimental insects. We also thank Ayodhya P. Gupta,
G. Pass and Marcia Loeb for critically reviewing an earlier version
of the manuscript.
References
Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD (1983)
Cell adhesion and the extracellular matrix. Molecular biology
of the cell. Garland Publishing, New York
Ashhurst DE (1985) Connective tissues. In: Comprehensive insect
physiology, biochemistry and pharmacology, vol. 3. Integu-
ment, respiration and circulation. Pergamon, Oxford, pp 249–
287
Eaton JL (1988) Lepidopteran anatomy. Wiley, New York
Hayat A (1970) Principles and techniques of electron microscopy,
vol. 1, biological applications. Van Nostrand Reinhold, New
York
Hessel JH (1969) The comparative morphology of the dorsal vessel
and accessory structures of the Lepidoptera and its phylogenetic
implications. Ann Entomol Soc Am 62:353–370
Johnson GD, Stay B, Rankin SM (1985) Ultrastructure of corpora
allata of known activity during the vitellogenic cycle in the
cockroach Diploptera punctata. Cell Tissue Res 239:317–327
Jones JC (1977) The circulatory system of insects. Charles C.
Thomas, Springfield, IL
Lehane MJ (1998) The midgut. In: Harrison FW, Locke M (eds)
Microscopic anatomy of invertebrates, vol. 11B, Insecta.
Wiley-Liss, New York, pp 725–746
Matus S, Pass G (1999) Antennal circulatory organ of Apis
mellifera L (Hymenoptera: Apidae) and other Hymenoptera:
functional morphology and phylogenetic aspects. Intl J Insect
Morphol Embryol 28:97–109
Meola SM, Meola RM (1983) Cephalic neurohemal organs in
Lepidoptera. In: Gupta AP (ed) Neurohemal organs of arthro-
pods. Charles C. Thomas, Springfield, IL, pp 393–421
Meola SM, Sittertz-Bhatkar H (2002) Neuroendocrine modulation
of olfactory sensory neuron signal reception via axo-dendritic
synapses in the antennae of the mosquito, Aedes aegypti. J Mol
Neurosci 18:239–245
Meola SM, Sittertz-Bhatkar H, Pendelton MW (2000) Ultrastruc-
tural analysis of neurosecretory cells in the antennae of the
mosquito, Culex salinarious. J Mol Neurosci 14:17–25
Pass G (1985) Gross and fine structure of the antennal circulatory
organ in cockroaches (Blattodea, Insecta). J Morphol 185:255–
268
Pass G (1998) Accessory pulsatile organs. In: Microscopic anatomy
of invertebrates, vol. 11B, Insecta. Wiley-Liss, New York, pp
621–640
Pass G (2000) Accessory pulsatile organs: evolutionary innovations
in insects. Ann Rev Entomol 45:495–510
Pass G, Agricola H, Birkenbeil H, Penzlin H (1988) Morphology of
neurones associated with the antennal heart of Periplaneta
americana (Blattodea, Insecta). Cell Tissue Res 253:319–326
Reynolds ES (1963) The use of lead at high pH as an electron-
opaque stain in electron microscopy. J Cell Biol 17:208–212
Schneider E, Kaissling KE (1959) The anatomy of the antenna of
the silkmoth Bombyx mori L. III. Connective tissue and blood
vessel. Zool Jahrb Abt Anat Ontog Tiere 77:111–132
Smith DS (1968) Insect cells: their structure and function. Oliver
and Boyd, Edinburgh
Spurr AR (1969) A low-viscosity epoxy resin embedding medium
for electron microscopy. J Ultrastr Res 26:31
Waku Y, Gilbert LI (1964) The corpora allata of the silkmoth,
Hyalophora cecropia: an ultrastructural study. J Morphol
115:69–96
Wassenthal LT (1998) The open hemolymph system of
holometabola and its relationship to the tracheal space. In:
Microscopic anatomy of invertebrates, vol. 11B, Insecta.
Wiley-Liss, New York, pp 583–620
Yin CM, Chippendale GM (1975) Insect prothoracic glands:
function and ultrastructure in diapause and non-diapause larvae
of Diatraea grandiosella. Can J Zool 53:124–131
134
